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ACCELERATTION, STRESS, AND DEFLECTION MEASUREMENTS ON THE
XB-15 BOMBER IN GUSTY AIR

By H, A, Pearson

Accelsration measurements in gusty air have been accumulated
over a period of years in order to determine the loads to which
airplancs may be subjected. Mogt of these date have been obtelned
with the V-G recorders that have been installed in Army, Navy,
and eommercial alrplanes, Theoretical studies of the load var:l.a.—
tion while fiying through verious types of gusts have indicated
that the "effective” gust vélocities, as obtained from the V-G
records, must be supplemented by data on the -gust gra.die'nts.
Consequently, some tests have been made on two:mirplanes, the .
Martin XBM-1 and the Aeronca C-2N, in -qusty air to gain some
informetion of the gradients to be expected. Although the ntmber
of flying hours in these tests is small as compared with the
V-G total, they were sufficient to lndicate that the. critical
gust gradient depended upon airplsne asize, a factor which had
been glven no particular consideration at that time.

Theoretical .studiss had also :I.nﬂ.icated that an edditional
factor called "dyndamic overstress" might be of importance in the
design of large projected airplanes. For these a.:lrpla.nes it
appeared: that the reletionship betwsen wing period, lag in 1ift,
and gust gradient might be such that the wings in gusts would
deflect considerably more than for the case of a static load of
the seme megnitude. The higher deflections -would naturally be

accompanied by h:lgher stressés in some of .- the members of the
structure. ;

..It thus. appeared ﬂosira‘ble to conduct experiments on larger
airplenes both for:.the miitpose of determining gust gradient dis—
tances and for determining the existence- of the: dynamic over—
stress which the:thsory: m&ica.tes. The Army:Air.Corps agreed
to cooperate: in-this- prolect: 'bY allcwing auita.ble equ:lpmant to
be :l.natalled. :m their la.‘i"ga 1’3—15 bomber. : .
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This report presents the resulksibi‘these tests which
cover e total of about 70 flying howrs on this airplane. These
meaguréments were made under _authority granted by the Air Corps
in October 1938.

Aolmowlod.gemnbs are due to m_em'bera of the Air Corpe who
made these tests poseible and in particular to Major C, V, Haynes
and Sgt. A. Cattarius for their coopération.

ATRPIANE ARD INSTRUMENTS
TonRia

* ' Airplane.— The XB-l5 bomber (fig. l) 1s mtal-#cov‘ered ‘'except
for the fabric-covered portion of the wing aft of the ‘tenr dpar.:
‘The wing i1s of two-spar construction, the rear spar being straleht
and the fronmt spar swept back. All gas and oil is carriéd ‘withIw
the wings, .the gas tanks being located as shown in figure 2, ~-“%-
Figure 2 also shows the estimated dead-welght distribution (tenkd'
full) including both the distributed as well as the’ conoenbrated—
weight items. The wing structural dead-weight distribution has’
been adjusted ‘so that the total integrated weight 1is equal t6 .
8,000 pounds. Other portinent dimensions of the airplaﬁe are ' -~
1101'.96. in table I. . 3

Dfum instruments.— The following etandard N. A. C. A,
photographically recording mstruments were used 1n these tests: -

(1) Air-speed recorder 1oca.ted. in the nose of the
" alrplane and connected to a swivelling pitot
head 12 feet forward of the neose, (See fig. 1.)

(2) Accelerometer mounted on the catwalk in the
bomb bay near the center of gravity.

(3) Accelordmeter mounted in the wing 29 feet'l inch
' out "from the airplens center line. - °

(4) Comtrol position recorders on the aileron and
‘elovator, ' These ingtruments were used mainly
to guard against confusion of gust accelerations

- and accelerations that might be due to control -
ma.nipulation ’

In addition to the ebove,; = D. V. L. optograph mountod rigidly in
the top gun turret was used. This instrument was equipped with
two telephoto lenses which recorded photographically the deflection
of three 50-candlepower lights mounted along the rear spar. The
installation 18 shown diagrammatically in figure 3.
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- .Stra 8.~ Four K. A. C. A, and four D. V. L, 'soratch
T80 gages wore used. The N. A. C. A. gages were
oftha:lntemittoubdﬂvotmandhadagaplengbhotIOcn.-
vhilethaD.V.I. ‘@a@dE Nad a continuous-drive and.a gage... .
length of 20 cm. ‘The N. A. C, A.gaseswrolocatoﬂcnthetcp
chord member of the front spar at atations 5 feet
39feet91nchesoutfmthooentorlimofthe
stations were approximately at the wing root and at the end
the outer gas tank, The D, V. L. gages were loc: on the
diagonal members below the N. A. C. A. gages and all gages were
positionsd 80 as €06 Do in the middle of their respective bays.
The gages were mounted in pairs at each station and all of
the gages, with the exception of the two on the chord
member, wore mounted on duralumin, The strain-gage locations
mahouninﬂgnn'os3and.h .

§

All instruments were aynchron:lmd. by a timesr conmected into
the circult. The timing intérval was 2.28 seconds for all the
inastruments except the N. A. c A. gages vhich were operated
onoo.every 6.84 seconds. °

FLIGHTS

The following flights were made with N. A. C. A. equipment
on board.,

time, time. min.
brs,
11 . 8-09-38l. ‘Iangley, Selfridgs, Mitchell, 8-l/2 - 28
83138/  langley
2 _30-38 Iangley, Bolling, Chanute,  10-1/h 22
Wright - '
3 12-6-38 . langley, Maxwell, Langley T o
h 12-12-38 langley, Kittyhawk, Langloy 2 0
5 12-15-38 Langley, Amerillo, Tex. 10-3/k 0
6 12-16-38 Amarillo, March Field, Cal. 7-1/% 2y
7 12-21~38 March, Heamilton 3-1/4 0

i1No strain gages instelled on this flight,




8 12-00-38 Halﬂlton,ut Shesta, March S-1/2  20.
9 1272338 March, OKla. City, lenaley 131/ - 52
' - 67-3/k 126

Although the total mmber of flying hours is small compered to

the total flown, it includes & stretch of the roughest flying
that this particular airplane had encountered to date. This
stretch of rough eir occurred during flight No. 8 while proceeding
in a southerly direction at about 8,500 feet between Pasadens
and Mt, Wilson; Cal. The gustiness was apparently due to .
mechanical atmospheric turbulence ceused by winds blewing across
the mowntain tope. An examinstion of the flight notes for all -
the flights medo (oxcept for soms of the accelerations measursd
in flight 1 whore the airplane was flown through the edge of a
number of cumilus clouds) reveals that the recorded accelerations
were due to mechanical turbulence encountered while flying through
pesses in the Rocky Mountains or while flying over mountainous
omno e

' If during a particular flight it appeared likely that
acceleration incremsnts of over *1/hg would be encountered, the
ingtruments were tuxmed on until the roughness died down. Thus,
dwring any one flight a number of runs et different a .
woights and altitudes wore cbtained some of which did not yleld
particularly large accelerations. These runs were nevertheless
eveluated; however, for this memoreandum it im only necessary to
refor particularly to the results obtained in the flights glven
in the table below, The others are cmitted mainly because the
combination of airplene weight end the small accelerations -
encountered were amply covered by those that were included.
Thelr omission changes none of the conclusions and their
inclusion would only result in a mass of wndistinguisheble
points clustered arownd the origin.

Flight No. Bun No. Estimated Remarks
a:l?la.ne
welght
2 6 50,000 Falrly severe accelerations
6 1l 60,000
8 . k 52,000 Most severe accelerations
9 1

65,000 Greatest weight
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Although the acocelerations encountored in flights 6 and 9 are
modorate with respect to 2 and 8, they are included mainly
bocamtbwimatthotmdthamwreemmrably-.
different from the usual 50,000 to 45,000 pounds. Tn the - - -
only flight (No. 5)1nvhiohtheru115rossm1d:borover
69,000pomd.smoqualod., air was perfectly smooth and
no records were taken, :

METHOD ARD RESULTS

In evaluating the records to obtain gust veloclitles and
gust gradients, the following method was used: For each
center—-of-gravity accelerometer record (roughly 20 feet of
f£1lm) ell peaks, indicating accelerations of approximately
0.2g or over, were read. Thesge velues of acceleration were
then converted to effective gust velocaties, Ug, from the

equation
o 2my (1)

° -
vhere Zn is acceleration increment from 1 g.
W, estimated weight at tims of run.
8, wing area, square 1_’eet.
p, mass density of air at altitude.
m,.slope of 1ift curve, taken as 4.76.
¥V, true air speed, feet per second.
The ovaluation of the records in this mammer yielded 560
effective gust velocities renging from 1.7 to 17.5 feet per

gsecand,. Those gusts and the number in the various ranges
are gumarized in table II,

Of the above gusts, only 111, however, were usable for
determining the gust gradient distance and the true gust
veloclties. The oriterion used in selecting the gusts to

"be evaluated for gradiont distance was (1) that the

acceleration be 0.15g or over and (2) that the mcoeleration
peak be immediately preceded by 2 reasonadbly steady flight

vortion (1. o., 1 g reading) of at least 2 seconds duration
which, at the spoeds that the XB-15 ugually flies, corresponis
to 25-30 chord longths. Some such procedure is required



58w e et e -

L« )

the true alr speed as cobtained
Theoretical studies (references 1 and 2) indicate that such

i 1ittlo if any lag between the point of marimum acceler- :
ation and that of maximm gust volooity

The true gust velocities that are associated vith these
accelerations were cbtained by dividing the. effective gust
velocities of equation 1 by tha 'allamting" ractor

T, '-E whose value is given by

-1 T !
vhere M-jn—az-l--i;

A end B, theoretical factors given in reference 2.

8, distance from edge of guét to point at which
acceleration is oanputed. ohord lengths

s gradient d:l.stme, foet.

b, wing span, feot.
Ant,true acceleration.

in,, the acceleration computed from the usual sharp—
efge gust assumption for a gust velocity equal to
thomﬂmofthemtforvhioh Ant :l-
doetormined.

The factor U, tm:omotsforthapmpcrtimotthegut
velocity that 15 acquired by the airplane in travereing the
gredient distence H, The true gust velocities, ovaluated

mthismm'hr, are nhuminﬂamjplottedagunsttha e

(L
- &
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gust gradient distance H, Tablomgiveathemrotmsbs
ocourring within a given gmdie_nt d:lstama '

ThepeakvalwsmeaohorthsD. Y.I. atra.:lngagesa.nd
on the optograph were, with few exceptions, read only at the
times which obviocusly correspondéd to similar peaks on the
conteor—of-gravity accelercmeter record at which effective gust
velocities were obtalned. The .veriation of the stress and wing-
deflection measurements with ‘acceleratich are.shown-in, figures 6
to 17. Figuro 6 shows the meegured deflection of the tip light
with acceleration at the airplane center for two different air-
Plane welghte while figures T and 8 show the sames for the middle
end inner lights. In these figures, as well as in those which
follow, 1t 1s necessery to use 1 g a8 a datum gince it weas not
poasible to obtain a trus zero stresa or zero deflection resding.
This was due to the fact that the wing mst support ite own
weight which, as may be seen from figure 2, is considersbly
difforent from the air load acting over it. Figures 9 to 11
show the stress variation as recorded by the D, V. L. gogen
that were mounted on the outer diagonal while figure 12 shows
the stress variation in the upper chord member. These results
are all taken from flight 8 run 4. Figures 13 to 15 chow
sim:%a.r moasuroments taken at the outer station for flight 2
— L

Figures 16.and 17 give the stress variation measured at
the front and rear of the top chord member near the root om
these seme flights. No relliable stress measuremsnts were
obtained on the dlagonsl msmher at the root because of a
camplete fallure of one of the gages and a partial fallure
of the other on both of the flights where the most severe
accelerations were encountered., Thus, it wag possible to
obtain only the stresses at the absolute maximmn and minimum
eccelerations that were encovntered. The rate of change of
stress as determinsd in thie mepner was only 850 pounds per
square inch per load fector. The strain-gage records for
this station on other flights on which the gags operated
properly indicated such extremely low stresses in this
member that no better valus than that given above could be
obtained because the scattering of points wag of the same
order of megnitudes as tho measured stresses. This unanti-—
clpated low stress veriation may be due either to an oversize
member st this station or to a fallure of all of the expected
load to pass through the member, Values of X equal to
10,300,000 and 30,000,000 pounds per square inch were used.
with durelumin and steel, respectively, in the enluation
of the strain-gage mcord.s . :
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The following ere estimates of the
verious quantities mey be relied upon:

Acceleration (0. 8.) « . . .
"+ Acoeleration (ving) . . ...

'A:I.rspeed......,.:.

Atrplape welght . .. . . . .

Deflection (outer 1ight) . .

Deflectlon (mlddle light) ..

Defloction (immer 1light). .
Stress (aJ.l D, V. L, gages).

¢

Strese (N.A.C.A. gages on dural)

acourecy to which the

. ¥0.0%5g

« 30.18

e Xl m. p. b,

. 32 percent

. £1/2 1n,

. 2L/ 4n,

. ¥1/8 1w, -

. ¥200 1v./eq.1n.
. k00 1b./sq.:|:n.

Stress (N.A.C.A. gages on steel) . . . . 2800 1b./eq.in.

The above limits for wing deflection and stresses apply when all
records are read at peek values or at the synchronization marks
vhere the correspondence emong the various records is obvious,
It may be seen from figure 18, however, that the synchromization
betwoen timer marks (every 2. 28 seconds) for the D. V, L. gages -
and for the optogreph records mey be off as much as' 0.15 second
indicating that larger errors. than those listed above would

exist in the time histories. In the gcase of the D. V. L. strain
geges, the poor synchronization was due principelly to the

uneven ruming of the motors which.drove the targets through

extension shafts and wiiversal joimta.

JFor the optogreph the

slight fore and aft motlon of the wing with changes in the

chordwipge forces was knovn to ceuse & lack of synchronization
in the records, However, singe most of the results given in
this. report ere obtained by reading the various gquantities at
peaks vhich obviously porrespond, the lack of synchronlzation
between timsr marks is of small importance.
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Although these tests included a etretch of the rougheist
air that the XB-l5 had encountered, the maximm effective gust
velocity measured was only 17.5 feet per second. This valus is
only cne—half of that which has been msasured on-overland trans-—
¥m'ts and about two-thirds of that measured on the Clipper ships.
See yeforemco 1.) Tt 18 necessary, however, to point out that
the values given in reference 1 have in all cases been conserva-—
tively computed using the gross weight of ths airplans., BSuch a
in the present case would give e maximm effective
gust velocity pearly equal to the maximm msasured on the Clipper
ships. An interesting observation in comnmection with the
maxrimm measured gust velocities obtained to date is that they
appear to decrease with an incresse in airplens span. This
variation mey be a true trend or it may be due to the fact that
the number of flying hours for which records are avoilable varies
inversely with eirplens silze.

Figure 5 in conjunotion with table III indicates that the
largest nunber of gusts evaluated for gradient distance as well
as the maximm true gust velooity ocour within a distanceé of
150 to 200 feet, a dlstance slightly more than the wing span.
Previous tests on the XBM-l and the Asronbta C-2N alrplanes
appear to indicate that the meximum true gust velocitles are
associated with gradient distances slightly larger than the
respective wing spans. Such a result is partly in keeping with
the hypothesis advanced in reference 1 which gives ths result

thet the maximum gust velocity veries as the cube root of the

gradient distance, the lateral extent being approximately the -
geme as the gredient distence, H. In order to produce a falirly
large normal acceleration, the gust should at least envelop the
whole wing vhich would call for'e gradient distance equal to
or greater than the wing span, )

An envelope of ths points of figure 5 would give approxi~
mately the variation predicted in yeference 1 up to a gradient
distance alightly greater than the wing spen, but beyond that
point the true velocitiscs appear to decrease. Thia variation
may be due to the fact that fewer gusts were available for
evaluation with large gredient distances, but it is felt that
the neglected pitching motion of the alrplans is mainly
regponsible. It 18 apparent that if an airplane is at all
stable it will tend.to pitch into the gust and relleve its
effeot, the amownt of pitoh, of course, depending both upon
the gradient distence and the amount of stabllity.




Wing ¢ «= Madian lines through the points of
figures indicate that in the renge of accelerations
covered the wing deflection at each of the msasured points
is proportional to the acceleration at the aiiplane cenmter.
8ince there is no gm:mbythat the angle-of-attack change

" across the spen stays tho same for a given acceleration,
the scattering of points 1s greater than that indicated in
the discussion of Precision, The mean line, however, .
shovld, according to probability, represent the caso for

" symmetrical loading.

. Frmthaae figureg the rates of change ofv!.nsdefleot:lon
with 1oed factor, i. 6. 38/dn, are as followa:

" Velght 52,000 65,000
Tip 11ght - ° 8.5 1n. 8.0
Madle 1ight 3.0 in. 2.5
Toner 1ight 1.0 1n. 1.0

The values for weight 52,000 are the more reliable because
of the greater rangs of load factors that was covered.

Apparently for the weight conditions of the flights, large
changss in weight bave small effect on the wing deflection.
8ince 1t waa ocustomary to empty the imner fuel tanks first

other. Ko bombse were car'r:ledonanyocrtheﬂi@:teuothat
any welght veriation may be attributed to d.iﬁ'erenoee 1n the
amount of fuel ocarried.

Static tests mede by Boeing of the outerﬂngpaneland.
of the center section.in which rear spar deflection wms
meeswred were ploced together and thé following valuss of
3/ were obteined,

Tip light ' 13.6 in.
Middle light b.7 1n:
| Tmmer light - - 1.5 in.

These” apply for a welght of epproximately 67,000 pounds but
the dead~welight loed distribution conditiom is not known,

LN

_:-l-""“
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The-above dsfleoctions per load factor are considerebly more than
thoss obtained in flight and would certainly indicete that no -

' dynemic overstress was obtained 4n the flight tests. Assuming

that the statio~test results applied to the case.with .all the
useful load housed in the fuselage (1. e., no gas or.oil) so
that there would be some Justification for reducing the above
values of 38/dn- in the ratio 52,000/67,000, the reduced valuss
would etill remain above the ligted flight values. It 1s
edmitted that the plecing together of the static deflection
curves is liasble to error; however, in the preeenl: cage, two
persons using different methods arrived at very nearly the same
values of 36/dn at each of the lights. After considering

the above possibilities, it can be said that the wing deflection
in flight 18 no more than end is probadbly less than the deflec—
tion for a static load of the same magnitude. Thus, the indi-
cation is that there 1s no dynamic dverstress on theo XB-l5.

' ggmss meaguremonts .~ Median lines through the strees
curves of figures 9 To 11 .for the outer diagonal member

indicate e direct proportionality (as measured from 1 g)

between the stress and the load factor either when the gages

ere considered soparately or when their resultes are averaged.
Btrain geges on this samo member during the gtatic tests

indicated an average rate of change in stress (between -2.5 and 3g)
of 5,700 pounds per square inch per load factor for the weight
teated., Correcting this value, as previougly, to 52,000 pounds
glves L hOOasasainst an average of ,TOO from the flight tosts.

. For the chord member at the- ou:ber station (fig. 12) tho
average value of 08/dn 1s 3,500 pounds per square imch per
load factor., This value 1s to be compared with the corrected
value.of 3,700 as given by the gtatioc tests.

The results from figures 13 to 15 do not show any really
dsfinite changse fram the previous figures, 1. e., 9-12, even
though the weight is slightly different for the two flights.
In fact, the results of figure 13 for the outer diagonal shear

.member indicate a slightly largsr value of d6/dn with a

alightly lower alrplane weight. This would indicate that the
mothod of ocrrection that was applied to the static test
results was too oonservetive and that the corrected static
values ghould be higher. Thus, the stross msasurements at
the m:berstattonappmnbly indicate that, as far as the
XB-1% 1s concerned, dynamic overstress is o:lther not presonb
or is sufficiently stmll @o that both the instrument accurecy
amtheammtotinstrmtatimmstbeimmmdinordar .
to detect 1t.



12

The time histories of figure 18 call for no particular
cament other than to point out that the accelerometer records,
wving dsfleoctions, and stresees show quite similar variations
expept that the minor variations appear to be smoothed out in

the strain-gage results.

Although it wes not intendsd to msaswre the wing frequency
in flight, it could resdily be obtained from the wing deflection
roecords ard was found to be sbout 3.4 ¢. p. 8. at the tip and
middle light. This froquency is included principally because
it 18 approximately one-half that obtained in the routine
vibration teste that have been conducted on this airplane.

CONCLUSIONS

1. The most critical gradient distance for this aeirplane
18 between 150 and 200 feet or of about the same order as the
wing span. Gusts encountered with lower gradienmt distances
apparently have insufficiont energy to produce large accelepa~
tions wvhile for the ‘stronger gusts of longer gradient diestence
the pitching ection of the airplane relieves the load.

2. The maximm true gust velocitios measured were Just
over 30 feset per second and the meximm effective sharp-edge
gust velocity measured was 17.5 feot per second. These values
wore obtained in the roughest air this airpla.ne has enoomrbered
to dsate.

3. Both the wing deflection and strain-gage measurements
indicate that there was very little, if any, dynamic overstress
induced in the wings by the type of gusts encountered. : S8ince
this 1s in accordance with somewhat similar msasuroments taken
on the M-130 airplens, it mey be eaid that dynamic overstress
will probably be negligible on airplanes with spans of less
.than 150 feet flying at speeds less than sbout 200 miles per
hm - L Y

y Memorial Aeronautical Leboratory,

National Advisory Conmittee for Aeromautics,

langley Field, Va., June 16, 1939.
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Figure 1.- Three-quarter front view of XB~15 airplane.
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Figure 2~ Gas Tank lecalion and weight Fishrbolbon of XG5 (eshmaled)
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